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I SUMMARY

The tendency of untreated Space Shuttle tiles to absorb up to

six times their own weight of water is related to the hydrophilic

character of the surfaces of the amorphous silica fibers and the

very porous structure (packing density only 6 percent) of this

unusual heat shielding material. Current practice is to produce a

water-repellent surface by attaching silane molecules to the

surface hydrogens of the hydroxyl groups on the fiber surface

although the protection is lost during reentry as the organic
coating is burned off by the heat that is generated.

The wettability of treated and untreated Space Shuttle tile was

determined by measuring the rate of capillary rise of water

through columnar pieces about 4 inches high. Application of the

Washburn equation for the capillarity of porous materials gives
the effective contact angle of the silica fibers themselves. This

technique was used to show that the tiles can be made hydrophobic

and non-wetting if the fibers are dehydroxylated by heating above

700"C in a vacuum chamber. However the hydroxylated, i.e.

hydrophilic, state is restored rapidly by exposure to water vapour

at elevated temperatures or by wetting with alcohol.

Various inorganic materials such as refractory metals, oxides,

carbides and nitrides that might be applied to the fibers as

antiwetting agents by chemical vapour deposition or liquid
infiltration after the tiles were fabricated have been

investigated. Contact angle measurements were made using the

tilting table tecnnique on flat surfaces of bulk samples or as

deposited on glass slides. No conventional chemical compound,

including SiC, compatible with the various requirements for Space

Shuttle tile materials exhibited a contact angle high enough to be
considered water repellent after heating in air to 400 C.

Amorphous SiC:H, made by plasma-activated CVD (chemical vapour

deposition) on Al foil, was found to be non-wetting for C/Si ratios

greater than 1. The contact angle was unchanged after heating in

air to 400"C. A sample of Space Shuttle tile with a CVD coating of

crystalline SiC on its outer surface was found to be quite

hygroscopic, i.e. absorbed water readily. Scanning electron micro-
scopy showed that the coated surface was very porous as most fibers

were coated uniformly with the SiC although some tendency for

crystal growth to fill in the interstices of the tile structure was
evident.

These preliminary indications that it may be possible to

waterproof TPS materials with CVD coatings of SiC:H should be

followed up with more extensive studies to establish methods of
applying such coatings to silica fibers and other materials.
Further basic research on the fundamental factors that affect

wetting of inorganic materials is needed to develop the capacity

to preaict the wettability of a particular surface structure and

composition.
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II INTRUDUCTION

The primary incentives to undertake basic studies of the wetting and
waterproofing of Space Shuttle tiles, fabricated from highly hygroscopic
silica fibers, are that the original waterproofing treatment applied at

the factory is partially lost during reentry and post-mission treatments

to restore waterproofing are required. Problems with discoloration of

tiles by Scotchgard add to the interest in developing a more thermally-

stable treatment that can be applied at the factory and wil] endure

multiple missions.

Better understanding of the factors that affect the hygroscopic

characteristics of Space Shuttle tiles may lead to new waterproofing

materials and application methods. Further discussions of the

background to the water absorption problem and of the wettability of

silica are presented below.

Background To The Problem

The Thermal Protection System (TPS) for the Space Shuttle utilizes

about 40,000 individual ceramic (high-purity silica and alumina

borosilicate) fibrous "tiles" that are waterproofed by impregnating

them at the factory with e.g. methyl-silane (like Dow Corning Z-6070)

prior to adhesive bonding with RTV to the shell of the spacecraft.

Waterproofing is essential as the otherwise highly hygroscopic (water

absorbing) porous silica tiles could become saturated by exposure to

rain adding considerable weight to the Space craft and the risk of

damage due to freezing in flight. The outer surface of most tiles is

coated with about 15 mils of Reaction Cured Glass (RCG = Vycor/B203

/SiB4) (III-5,7) ) to provide a black, high emissivity, coating.

Although this coating is water-repellent, it is quite brittle and

susceptible to damage from impacts by hard objects. Breaks in the RCG

allow water to penetrate into tiles that were not otherwise

waterproofed.

Waterproofing by injecting silane is effective but costly as the

outer layer of the original silane coating is decomposed by heating

during r_-entry and must be renewed. In addition to the material and

labor costs, recoating after each mission is disruptive to launch

schedules because of the time required to dry a wet Spacecraft and the

precautions that _re necessary in handling rewaterproofing chemica]s.

Estimates of Potential Water Entrapment

In order to fufill their design function to provide effective

thermal protection during re-entry of the Space Shuttle and to minimize

the weight of the TPS, the fibrous tiles are fabricated to a packing

density of only 6 percent and hence are about 94 percent open space.
Thus an uncoated 6x6x4 inch tile has the capacity to hold about 4.5

Ibs. of water and laboratory measurements have verified that this

estimate does indeed take place.
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Present waterproofing can withstand re-entry temperatures to about
one inch below the surface which limits water absorption to this outer

portion of the tile. Even for this amount of water penetration, 40,000

saturated tiles could theoretically add "9 tons" to the weight of the

space craft. Water loads of over one thousand pounds have been

detected using Scotchguard and the circumstances where even more water

could have been absorbed have been recognized. Water loads of this

magnitude will reduce the available payload considerably and could lead

to severe tile damage.

Thus the need to take considerable precautions to limit water

pick-up to a tiny fraction of the available "capacity" and the

desirability of a permanent waterproofing method are quite clear.

Factors Affecting Wettin 9 Of Silica

Clean vitreous silica is quite hydrophilic and so the open fibrous

structure of untreated Space Shuttle tiles makes them very hygroscopic

due to capillary action. The value of the contact angle between a

liquid and a solid surface is generally used as a "figure of merit" to

indicate the extent of wetting to be expected. Materials with contact

angles near 0 are hydrophilic and those with angles of 90 degrees are
hydrophobic.

Although the wetting or non-wetting of glass, silica, and other

materials is thought to be reasonably well understood, there are many

apparent discrepancies in the extensive literature on hydrophylic-

hydrophobic behavior of materials. A classic case is wetting of gold

by water. It is only recently that it has been established that a

clean gold surface is hydrophylic with a contact angle of 0 - 5

degrees. Unless great care is taken, the exposed surface becomes

hydrophobic within a matter of minutes with a corresponding increase in

contact angle to 50 - 80 degrees. This behaviour is due to

contamination of the surface, usually with oil or other organic vapors

present in ambient air, or by the formation of a chemisorbed oxygen

layer if a "clean" atmosphere is maintained. No doubt many reports of

non-wetting surfaces result from inadvertent and unsuspected deposition

of airborne hydro- phobic contamination.

In the case of amorphous and crystalline silica and silicate glass,

the pronounced hygroscopic behavior is a consequence of the occurence of

surface silonal (SiOH) groups which are the primary sites for water

absorption. A fully hydroxylated surface has about 4.6 silonal groups

per square nanometer, i.e. with an average spacing of about 5 angstroms,

however about one half of the silonals are in hydrogen-bonded pairs and
the remainder are in the form of isolated silonals.
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Water molecules cling to the surface silonals as their influence
extends through several layers of water. The bound water is removed by
heating to 150-175°C and the surface hydroxyls begin to comeoff during
heating in vacuumto above 400°C. By IDO0°C, the silonal concentration
is reduced to 0.2 per nm2. The silonal concentration recovers very
rapidly during cooling in air at temperatures around 500-600°C.
However, surface silonals can also be removed by heating in Cl gas or
SiCI4 at approximately 400°C. Any internal silonal groups that are
trapped in micropores on the surface during the first stages of the
production of silica fibers for the Space Shuttle tiles likely migrate
to the surface during subsequent high temperature heating. However this
opinion must be confirmed by infra-red spectroscopy.

III RESEARCH APPROACH AND OBJECTIVES

The initial approach to this program was to examine, conceptually
and experimentally, the fundamental factors affecting water pick-up and

retention by Space Shuttle tiles. Another intention was to exp]ore

novel methods of waterproofing to supplement or replace the current

application of silane coatings that must be renewed after every

mission. The third purpose was to identify a method of determining the

moisture content of thermal protection tiles in place on the Space
Shuttle.

These general considerations evolved into the following objectives

and plans;

* Investigate the water absorption characteristics of treated and

untreated samples of Space Shuttle tile.

* Consider their wetting behaviour in terms of contact angles and the
hydrophillic character of si]ica surfaces.

* Determine the contact angles and thermal stability of inorganic
materials that might be used to waterproof silica fibers.

* Consider methods of reducing the rate of water absorption as an

alternate method of waterproofing.

* Try to coat the silica fibers in tile samples with a material that

has a contact angle approaching 90 degrees or more. Coating fibers in

tiles to a depth of about I cm. might be sufficient to effect adequate

protection against unacceptable amounts of water absorption.

* Develop recommendations for the design of a portable moisture meter
for field surveys on the Space Shuttle.
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As the work progressed, additional contact angle measurements,
characterization studies and conceptual analyses were carried out to

enhance efforts to uncover new approaches to waterproofing ceramic

materials. The primary add-on activities were; (i) the use of NMR to

determine surface hydroxyl concentrations, (2) measurement of the

contact angles of amorphous CVD films of SiC:H, (3) SEM examination of

CVD SiC coatings and (4)correlating the contact angles of materials

with their dielectric properties.

IV EXPERIMENTAL RESULTS

The experimental findings are reviewed in the general order of the

objectives listed in Section Ill.

a) Wetting Of Space Shuttle Tile Samples

As discussed above, the wetting tendancy of materials is commonly

described in terms of their contact angles with the fluid in question.

The effective contact angle of porous media such as Space Shuttle tiles

can be determined in several ways. The most straight forward is to

measure the height of capillary rise and relate this to the contact

angle by mathematical relationships involving fiber size, shape and

orientation and the tile pore volume. An estimate of the height of

capillary rise based on this relationship was included in the original

research proposal. The result, illustrated in Figure i, showed that

the height would be as much as one half a meter, far beyond the

dimensions of any samples that could be taken from representative

pieces of Space Shuttle tile. Thus a simple capillary height

measurement in this case is out of the question because of the extreme

hydrophilic nature of uncoated silica fibers. On the other hand the

coated fibers are completely waterproofed and the capillary rise would

be 0 (or negative) and the contact angle cannot be determined with this

technique.

The alternate approach is to observe the rate of capillary rise by

measuring the height of the water column in a square pyramid of tile as
a function of time and apply the well-known Washburn equation. The

experimental arrangement and the applicable Washburn equation are

illustrated in Figure 2. The equation includes a tortuosity factor (K)

which also involves the size, shape and volume fraction of the fibers

in the tile. It is possible to make a reasonable estimate of the K

factor but it is convenient to leave it as an unknown, but constant,

parameter (IV-B-5,6).
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A large number of measurementswere made of the rate of rise of
water in specimens that were typically about i cm square at the base
and 6-8 cm. long as illustrated schematically in Figure 3. Small marks
were put on the cylinder to aid in observing the height of the column
at a particular time. Typical times for the water to reach the top
were in the order of 30 seconds and it was not difficult to note the

passage of each of the marks within a second or two. Typical plots of

the square of the water column height against time are shown in

Figure 4. The slope of such plots is directly related to the contact

angle of the porous matrix material, as well as the temperature of the

water because of thevariation of viscosity and surface tension with

temperature. Similar plots are shown in Figure 5 along with
corrections of the slope for viscosity to determine the selective

values of K to the "tortuosity" factor.

It will be noted from the values shown for K that the correction for

viscosity does not remove all of the temperature dependence (the
correction for surface tension changes is quite small). A plot of K

cos e vs temperature, corrected for viscosity, for all of the data is

shown in Figure 6. Despite the scatter and correction for viscosity a
clear trend for a reduction in K cos e with temperature is evident and

is a crude measure of the "heat of wetting". The scatter, due to
experimental variables such as the source and volume of distilled

water, and other factors, was reduced as improved procedures were
developed.

Rise-rate measurements were made on uncoated, as received, tile

samples and those that had been waterproofed and after various

processing techniques. The results are summarized as a bar graph in

Figure 7. No capillary rise occurred in samples that had been

waterproofed by the manufacturer and in fact the non-wetting of

forcibly submerged, hydrophobic, specimens could be observed

corresponding to a contact angle of 90 ° or more. It was commonly

observed that the rapid rise rate (slope) in untreated samples declined

with repeated testing. This effect may be due to some alterations of

the fibrous structure, increasing the tortuosity, as some shrinkage
(and hence densification) was noted, and a trace of a chalky residue

was evident when the water in the petri dish evaporated. When alcohol

was substituted for water the rise rate was more rapid presumably due

to reduced viscosity.

Heating untreated, as-received tile samples in vacuum at 800°C or

above made them hydrophobic as shown in Figure 7. It was important to

cool the samples to room temperature in vacuum to achieve a hydrophobic

condition that would persist during storage in a dessicator for many

weeks. However, essentially normal hydrophobic behavior resulted when

rise measurements were made with alcohol or with water on samples that

had been heated in H2 or in air at 400°C.
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Strips of flexible "quilt" made up of woven silica fibers were also

mounted for rise rate measurements. As expected, the waterproofed

material showed completely hydrophobic behavior whereas heating in air

at 690°C for 1 hour destroyed the waterproofing. Because of

differences in fiber diameter and the more open structure of the

quilts, a direct comparison of K cos e value is not appropriate. The

heated quilt sample took up water quite readily.

b) Contact Angle Measurements On Candidate Coatings.

The compounds under consideration as inorganic water-proofing

coatings for silica fibers were generally only available as relatively

flat samples or after deposition on glass slides or some other planar

material. Some initial experiments were carried out using a flat wedge

arrangement as described in detail in UCB senior project report by

Laura Powers (submitted previously). Although this method is quite

sensitive in principle, in practice it was difficult to observe the

height of the miniscus in the wedge-shaped capillary for many of the

films that were opaque. Another problem was that CVD processes caused

distortion of the glass slide so that the wedge-angle did not remain

constant across the width or along the length of the slide.

A more conventional technique for measuring contact angles is the

tilting table arrangement where the specimen is mounted on a goniometer
and the angle that it makes with the surface of the water when the

meniscus is flat can be measured quite accurately. This tilting table

technique was used for the measurements that are reported in this

report. The results are summarized in Table 1 for a variety of
candidate and reference materials. These results are discussed in

Section V.

c) Contact Angles Of CVD Films Of SiC:H.

Samples of plasma-activated CVD films of SiC:H deposited on A/ foil

were obtained from Prof. J.A. Reimer of the Chemical Engineering Dept.

of UC Berkeley. The results of measurements of contact angles of CVD
films of SiC:H with different silicon/carbon ratios are shown in Table

II and plotted in Figure 8. It may be noted that the higher the carbon

content, that is, the lower the silicon-carbon ratio, the higher the

contact angle. Contact angles of this magnitude would be high enough
to provide an effective level of water-proofing in Space Shuttle
tiles. The results of other studies of SiC:H and the apparent reason

for the dependence of contact angle on carbon content is discussed in
Section V.
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Specimenswere also evaluated after they had been heated in air for
10 minutes at 400 C. This treatment does not simulate the reentry
condition but the number of samples that were available were quite
limited so that the plan was to gradually increase the exposure to to
evaluate the thermal stability. The measurementsshowed that heating
to this temperature had no effect on contact angle whereas this is not
the case for crystalline SiC. Bulk silicon-carbide, for example,
oxidizes sufficiently to drop the contact angle down to that of
vitreous silica. (Subsequent tests by J.A. Reimer revealed that
heating to 600°C causes the SiC:H films to break up and spall from the
glass so that it was not possible to determine a contact angle.)

d) Electron Microscope Examination Of A CVDCoating Of SiC On Space
Shuttle Tile Fibers.

Scanning electron microscopy was used in the preliminary work to
observe the fibrous structure of Space Shuttle tiles. Micrographs
showing the fibers with and without silane water-proofing were included
in the report by Laura Powers. Of particular interest is the
observation that the Scotchguard coating need not cover the entire
fiber surface to achieve an apparent fully effective waterproofing.
Quantitative studies of this observation would be valuable.

For comparison with the amorphous CVD SiC:H films, samples of the
CVD coated with crystalline SiC were supplied by the Technical Monitor
for SEM examination. Representative micrographs are shown in Figures 9
and 10. As is evident from the micrographs of the surface and interior
structure, the CVD coating does not penetrate into the tile beyond a
fraction of a millimeter, nor does it form the solid coating that would
be required to provide a waterproof coating for the entire tile.
Experiments confirmed that the sample was quite hygroscopic.

e) NMR Measurements of Hydroxyl Content Of Fibers.

Nuclear magnetic resonance is a powerful technique for measuring the

hydrogen content (in this case, OH content) of the silica fibers.
Several samples were measured, courtesy of Mark Petrich, in the

Chemical Engineering Dept. at the University of California. Samples of
4 tiles with different thermal histories were crushed and about 50

milligrams of powder were tamped into quartz vials and sealed. One

sample was "as received" (i.e. no waterproofing or other treatment),
two others had been heated in vacuum to 800°C and 1000°C to remove the

surface hydroxyls and the fourth had been rinsed to restore the water
content after vacuum dehydration.

The NMR curves are given in Fig. 11 and H contents derived from the

data are presented in Table Ill. The variation between the samples is

smaller than was origina]ly expected from simple calculations of the
effects of removal of the surface hydroxyls from the fiber. It is

possible that crushing and tamping the fiber into the vial resulted in

a significant level of moisture pick-up.
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On face value, the interpretation of these results is that the

internal hydroxyl content of the fibers is fairly significant amounting
to several hundred parts per million. The surface hydroxyls are

removed during the vacuum drying treatment resulting in a decrease in
NMR signal. Surface hydroxyls are restored when the sample is immersed

in water so that the hydrogen content increases again. However, as
stated above, the variation is less than anticipated and these

measurements should be repeated. Nevertheless this preliminary work
shows that NMR does have the sensitivity to measure the OH content as

predicted and in principle is a very powerful method of monitoring the

amount of water adsorbed on the surface as well as the hydroxyl content
at the surface and in the interior of the fibers.

V DISCUSSION AND CONCLUSIONS

As discussed previously, this project was intended to be an

exploratory study of the feasibility of developing an inorganic

non-wetting coating on the surface of the silica fibers, used in Space

Shuttle Thermal Protection System that exhibit greater thermal

stability than the fluorocarbon compounds that are commonly used. Even
if such a compound could be discovered (the "classical" surface science

view of wettability leads to a very pessimistic opinion on the chances
of success) it would not be of practical use for the Space Shuttle if

it degraded the properties of the fibers or would not adhere well to

them. Ideally it should be possible to coat fibers within the finished
block rather than as individual fibers. The results of this work

indicate that there is a good chance that a new class of waterproofing

materials can be developed and a reasonable chance that they would be

applicable to Space Shuttle Thermal Protection Systems.

The primary results, observations and considerations are as follows;

i) The contact angles of fibers in heat shield materials can be

determined by quantitative measurements of rate of capillary
rise and application of the Washburn equation.

2) Contact angles of 5 - 10 degrees (similar to highly wetting

fused silica and glass) observed on uncoated samples.

3) Contact angles > 90 degrees observed on samples treated with

Scotchguard.

4) Removal of hydroxyls (OH) by vacuum drying (>800"C) produces a

hydrophobic surface.

5) Hydrophobicity lost by heating in air or tank hydrogen (>400"C)

or rinsing with acid or alcohol.

6) Prior removal of surface hydroxyls may be necessary to achieve

good adherence of hydrophobic coatings.
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7) Contact angles of potential coatings deposited on glass or

aluminum and flat samples of reference materials measured using
the tilting table method.

8) CVD films of amorpnous "TIN" or "SiC:H" on glass are

non-wetting.

9) SiC:H remains hydropnobic after heating to 400"C whereas TiN or

bulk SiC do not (however, SiC"H films disintegrate when heated
to 600"C).

10) Preliminary attempts to apply CVD coatings to fibers within a

tile were not successful (subsurface penetration limited to a

few micrometers).

11) Correlation between contact angle and dielectric constant

provides a useful guide to identifying potential compounds for

application as waterproofing coatings.

12) NMR instrumentation can be used for field inspection of wet

tiles. (Specific design criteria could be developed.)
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VI RECOMMENDATIONS FOR FURTHER WORK

The results of this project suggest that it should be possible to

develop new methods of waterproofing Space Shuttle tiles and other

materials. However, in as much as this project was primarily an

exploratory study of the feasibility of developing an inorganic
waterproofing material, it was not possible to follow up many of the
observations or measurements to the extent needed to establish a

practical process or that is desirable for publication. It should be

noted in this respect that untreated Space Shuttle tile, comprised of

relatively uniform fine fibers of pure silica, is an ideal material for

basic studies of the hydroxyl structure and as well as other surface

properties.

Further work should be carried out in several areas as discussed
below.

Modelling of Capillary Rise in Fibrous Materials

The wettability of samples of Space Shuttle tile was deduced from

the rate of capillary rise of water. The rate data was interpreted

using the Washburn equation to obtain an "effective" contact angle that

includes a tortuosity factor (k) that depends on fiber size and

orientation. Extension of the Washburn equation to include the range
of fiber diameters and non-random orientations that exist in real

rather than hypothetical silica fiber structures (such as in heat

shield blankets) would allow for a more quantitative interpretation of

the data already available. Another valuable and necessary

modification of the available model for capillary rise in fibrous

materials is for cases where several kinds of particles or fibers with

different contact angles are present in the tile or fabric.

Characterization of Surface H_drox_l Concentration

The highly hygroscopic nature of untreated silica surfaces is due

to the presence of a high concentration of hydroxyl groups. The
removal of most or all of these groups by heating to 800-I000"C in a

vacuum resulted in a temporarily hydrophobic surface. Current

knowledge and understanding of the structure and concentration of

surface silonals is based on work with fine silica gel particles

carried out several years ago. The high purity, fibrous silica Thermal

Protection Systems material is ideal for further studies employing
modern instrumentation and interpretive models.

The most useful techniques are high field Nuclear Magnetic

Resonance, Infrared and near infrared Spectroscopy to determine surface

hydroxyl concentrations before and after thermal processing and wetting.

Extent Contact An_le Measurements on CVD SiC:H

Previous studies showed that CVD coatings on flat substrates of

SiC:H with a C/Si ratio > 1 exhibit rather high contact angles and
maintain their water-repellent nature after heating in air to 400"C.
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More films of this type should be prepared and the limits of thermal

stability established. In addition to measuring contact angles, the
dielectric constants of the films should be determined.

Determine the Wettability of CVD Crystalline Diamond Films

The theoretical basis for predicting contact angles, i.e.

wettability, of materials from their dielectric constants must be

analyzed in greater detail. The most important consideration will be

to examine the polarizability of surfaces for cases such as silica

where the bulk dielectric constant does not apply because of the

presence of highly polarizable hydroxyl groups at the surface.

Examine the Theoretical Basis for the Dependence of Contact Angle on
Dielectric Constant

A strong correlation between the contact angle with water of a

particular material and its dielectric constant (and the closely

related index of refraction) has been noticed. Such a relation is

plausible since the magnitude of Van der Waals binding is related to

the polarizability of the material. Furthermore, a rather similar

approach has been usea to interpret the dispersion of powders in terms

of the polarizability of the suspending liquid.

The correlation that was demonstrated (possibly for the first time)

was largely based on contact angles and dielectric constants published
in handbooks. These data relate to similar but not identical samples.

Because of the theoretical importance and predictive value of a

quantitative model, some new, more reliable measurements of contact

angle and dielectric constant on identical samples are needed.

Explore Methods of CVD Coatin_ of Fibers Within a Bulk Sample

The initial efforts to effect subsurface CVD on samples of Space

Shuttle were not successful. New approaches to obtain useful

penetration of this very promising material should be undertaken.

Infiltration with Water Repellent Powders

The waterproofing effects and feasibility of infiltrating the
surface of TPS materials with hydrophobic powders such as carbon black,

teflon and other fluorocarbon solids should be explored. In addition

to being water-repellent, not cause deterioration of the silica fiber
and be of a suitable size for infiltration, the ideal powder should

have a self-restoring character so that the effects of re-entry will

maintain or restore its hydrophobic surface. The effectiveness of

various waterproofing particulates could be determined using capil]ary

rise measurements and the extended Washburn equation outlined above.
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Infiltration of Sol_el Coatings

Infiltration of TPS materials with solutions that would leave a

non-wetting coating when drained from the TPS tile and dried is a

plausible approach to overcoming problems with achieving internal CVD

coatings. Vacuum or triple-point drying may be required to produce a

very thin but non-wetting surface layer. Both organic and non-organic

solgel methods of depositions could be explored.
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TABLEI

CONTACTANGLESWITHWATER

MATERIAL

Glass slide

Fused Silica

Stainless Steel

II II

Chromium

II

SiC (bulk)

il

Pyrolytic graphite

II II

Polyproplene

SCOTCHGUARDTM 733

"TIN" (amorphous)

PREPARATI ON

Alcohol Rinse

II II

tl II

I0 rain. at 400 C in air

Vapour-deposited

i0 mino at 400 C in air

polished and cleaned

I0 min. at 400 C in air

polished and cleaned

i0 min. at 400 C in air

as-received

sprayed on glass

CVD on glass
(576 C in TiCI4+NH4)

i0 min. at 400 C in air

MEASURED VALUE-DEGREE5

0 - 10

2 - 10

25 - 35

20 - 30

25 - 35

15 - 2O

4O - 5O

15 - 25

8O - 9O

80 - 90

i00 - 110

>130

60 - 70

" 30 - 40
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TABLE I I

CONTACT ANGLES WITH WATER

Experimental Amorphous Chemical Vapor Deposited Coatings

SAMPLE PREPARATION ANGLE - DEGREES

"Si:H" Plasma CVD on A1 foil 30 - 40 *
(5% SiH4 in He)

10 min. at 400 C in air

Plasma CVD on A1 foil

(2% SiH 4 + 3% CH4 in He)

10 min. at 400 C in air

Plasma CVD on A1 foil
(1% SiH 4 + 4% CH4 in He)

,, 20 - 30

SiC:H (Si/C = 6/1) 60 - 70 *

|I II II

"SiC:H" (Si/C = 3/2) 80 - 90 *

,, 10 min. at 400 C in air 80 - 90

* Note that the contact angle increases with increasing carbon content
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TABLE Ill

NMR Studies of Space Shuttle Tiles

Sample Wt % H Ratio

Line

Shape

o. I as received

o. 2 Ist vacuum treatment

). 3 2nd vacuum treatment

). 4 after three soakings

0.031 1 Wide-

Duplex

0.021 .68 Wide

0.0165 .53 Wide

0.0182 .59 Duplex

Interpretation - large H content within

silica fibers - partially

removed along with surface

-OH by vacuum treating

\7

OI:_GINIAL PAOE IS

OF POOR QUAI=ITY

Space
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Rate of Penetration into Porous Media

dH

dt
1= 4 COS 0

Hz = Kcose ,t

)' surface tension

n viscosity

o contact angle

t time

k "tortuosity" factor

R radius.

Fig. 2 Schematic illustration of method of determining contact angle from the

rate of "wicking" of Space Shuttle tile samples. The analytical

expression is commonly known as the Washburn equation. The value of

the tortuosity factor (k) depends on particle size and packing effects

that add resistance to capillary flow.
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WATER LEVEL

Fig. 3 Schematic i11ustration of water rise rate measurement arrangement.
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Effect of Water Temperature on Rate of
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Water Absort)tion )I' Space Stutt:le Heat Shields
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Fig. 7

Tiles quilt

Illustration of effect of Space Shuttle tile sample history on contact

angle.
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Fig. 9 Scanning electron micrograpns of Amercom CVD SiC coating on LI-900.
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Fig. 10 Scanning electron micrograpbs of AmercomCVDSiC coating on LI-900.
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APPENDIX I

ATER A BSORPTI 0 N

SPACE SHUTTLE TILES

Laura Powers
WSE130
Professor R.M.FL_hef
F,_y 20, 1985
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The ceramicinsulatingtilesthatprotectthe Space ShuttleOrbiterfrom

extreme launch and re=entrytemperatureshave been subjectedtovarious

water absorpUon testsu weU asbeing characterizedby scanningelectron

microscopy (SEM) and BET surfacearea analysis.Measurements of the

amount and rate of water absorption have confirmed the extreme

hygroscopicbehavior of the tiles,which are approximately93% void and

©omposed ofhigh purityamorphous silicafibers.

Experimentshave shown thatan unwaterproofedtilewillactvirtually

u a sponge,soakingup about s_ times itsweight inwater. Small samples

of both unwaterproofed and waterproofedtilewere immersed in water

and allowed to air-dry,with Trvefacesexposed to the atmosphere. The

waterproofedsamples (coatedwith Scotchguard)absorbedvaryingdegrees

ofwater,indicatinga dependence on coatingcoverageand uniformity.The

evmporiUon time for unwaterproofed tilesindicatedthat a period of at

leasttwo to three days wu necessaryfor lug evaporiUon of retained

water.

Water ibsorpUon inthe tileshas been modeled by i modificationof

the capillaryriseofI/quids,and experimentshave shown good agreement

with theory;,experiments simulatingcapUlary actionof water around

silica-basedglasshave yieldedcontactangle measurements (17"I| i 26")

closeto the known value of |-I$', .e_otchguard-coatedglassshowed no

water absorption by cap/I/ary action, o_'respond/ng to a contact angle of

180". Interestingly,though,experiments simulatingpan_ Scotchguard

coverageshowed a relativelylargeamount ofabsorpUon.
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Fiually. m few basic characterizJt.icms of the tiles have been made.

electron mJcrographs revealed an interesting web-li_e coverage

ot 5ootchguard c_ the fibers. Also, mjcrographs of Sootchguard c_ a flat

metal surflce verified the particulate mmture oF the substance and indicated

that the S¢otc.hguard particles al_Iomerate as more b applied. BET surflce

area =naB/sis was also performed on a s_httydlround sample, yielding a

specific surface area of 0.704 I 0.017 mZ/sm, which is within the

calculated, theoretical range. However, there were several diHiculties

involved with this measurement, since the area is so small (< I m21gm).

These experiments were performed u a pret[minary investJgat.ioc into

methods of possibly reducing the water intake by the tiles at cracks and

iouges in the waterpro¢2" glass coating (the ItO3). Sin= part of the

S¢otchguard coating burns oH during re=entry (atany isotherm )I000"F in

the tile),and is also known to weaken the bonding Idhesive in the _e

system, further investigationinto more durable waterproofing materials is

cer_ meritable.An aJternat_veto reduce water pick-up is to modify

the pore structure o/' the LiJes on the upper surface, beneath the RC_

costard.
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Appendix II

Program Summary Prepared For
Howard Goldstein - Branch Chief

Thermal Protection System Materials

NASA-Ames Research Laboratory

WATER ABSORPTION BY SPACE SHUTTLE TPS MATERIALS $$

OBJECTIVES AND PRINCIPAL RESULTS

* TO UNDERSTAND THE EXTREME BTGROSCOPICITT OF SPACE SHUTTLE TILES

(untreated samples rapidly absorb 6 times their weight of wa_er)

Pronounced Hydrophilic Nature Of Fused Silica Fibers Is Due To

Stlonal (SiOH) Croups On The Surface

Contact angles of fibers in heat shield materials determined by
quantitative measurements of race of capillary rise and application
of the Washburn equation.

Contact angles of 5 - lO degrees (sLmilsr to highly wetting fused
aillca and glass ) observed on uncoated samples.

Contact angles > 90 degrees on samples treated with Scotchguerd.

Removal of hydroxyls (OH) by vacuum drylng (>800 °C) produces a
hydrophobic surface.

Hydrophoblclty lost by heating in air or tank hydrogen (>400 °C)

or rinsing with acld or alcohol.

NMR measurements suggest that several water layers are attached to
surface hydroxyls after tiles are saturated with water.

NNR measurements should be extended and supplemented wlth FTIR,

SIMS and other analyses of as-produced and thermally- or chemically-

treated fibers to develop aquantltatlwe picture of internal and

surface structures. (Prior removal of surface hydroxyls may be

necessary to achieve good adherence of hydrophoblc coatings)

** NAS-2-A28207C

Principal Investigator - Robert M. Fisher, Lawrence Berkeley Laboratory

Univ. of California, Berkeley.
Technical Monitor - Robert L. Airman, Thermal Protection Materials

NASA Ames Reg. Center.



-37-

S TO EIPLORE NOVEL METHODS OF PRODUCING INORGANIC BTDROPHOBIC SURFACES

(fluorocarbon waterproofing agents burn off during re-entry)

(process must infiltrate heat shielding to coat all fibers)

Application Of CVD Coatings To Produce Hydropboblc Surfaces

Wettsbillty Of Candidate Coating Materials Determined

Contact angles of potential coatings deposited on glass or aluminium

and flat samples of reference materials measured using the tilting
table method.

Contact angles of metal oxides are too low to be water repellent.

CVD films of amorphous "TIN" or "SiC:H" on glass are non-wetting.

SiC:H remains hydrophobic after heating to 400 C whereas TiN or
bulk SiC do not.

Preliminary attempts to apply a subsurface CVD coating to fibers
were not successful.

Further work is necessary to establish feasibility of CVD coating

fibers within a tile and the optimum surface for good adherence.

Other New Approaches To ¥aterprooflns

Infiltrating tiles with sol-gel or other solutions to deposit

compounds resistant to hydroxyl formation may reduce hygroscopicity.

• TO IDENTIFY METHODS OF MEASURING MOISTURE CONTENT OF HEAT SHIELDING

(for possible field inspection of the Space Shuttle)

NMR Instrumentation Could Be Used For Field Inspection Of Wet Tiles

Specific design criteria could be developed.
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APPEND[X ]II

SYMPOSIUM L

NLATERIALS FOR AEROSPACE APPLICATIONS

APRIL 23-24, 1987

Chairs

A tvlaClhukar

Unrvers,ty of 5outlnern Cahforn,a

Los Angeles

L Leger

NASA JOhnSon Space Center
Houston

Co-Sponsor

MRS-Sou:_,ern Cahfornja Chap[er

L3.5

FACTORS AFFECTING WATER ABSORPTION BY SPACE SHUTTLE TILES.
Robert M. Fisher and Patrick Dalton, Center For Advanced Materials,
Lawrence Berkeley Laboratory, University of California, Berkeley, CA
94720; and _obert L. Altman, Thermal Protection Materials Office,
NASA-AMES lesearch Center, Moffett Field, CA 94035.

Because of the hydrophilic nature of uncreated silica fibers, Space
Shuttle thermal protection tiles can abso,b more than 6 times their

own vetlht of water. Vaterprooftn$ with fluorocarbons is quite
effective but the avatlabiItty of water-repellant coatings with

sreater thermal scabilty is desired. The factors that effect water
ebsorption have been examined by capillarly rise rate measurements and
application of the Washburn equation to obtain the apparent contact
nnsles with water after various treatments. Preliminary NH_
measurements of hydroxyl content before and after heating in vacuum
and other treatments have 6ten obtained and the contact ansles and
thermal stability of various plasma-activated CVD coatings evaluated.

Amorphous CVD films of SiC:H on Ilass with St/C < 3/2 are non-wetting
and stable to heating in air to 400 Celsius whereas "TIN" and other
films and bulk SiC are not.

Work supported by NASA-AMES under Contract NAS-2-A28207C.
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APPENDIX IV

ELEL'FROf_ OPTICAL CRARAC-FERIZATION OF APIDRF_OUS SIC:H CVD

R.H.FISHT..R', J.B.POSTHILL", M.SARIKAYA''', J.A.RZI.H_R and M.PL'TRICR''--

s Center For Advanced Materials, Lawrence Berkeley Lab., Univ. of Cal.

.s National Center for Electron Microscopy, LBL, Univ. of California

"== Univ. of Washington, Seattle, WA 98195

"_'_" Dept. of Chem Eng., Univ. of California, Berkeley Ca., 94?20.

ABSTRACT

The utility of various electron optical methods to characterize the
m.icrostructure and composition of thin films of amorphous silicon-carbon

films formed by plasma-activated CVD of SiH 4 and CH 4 has been investiga=ed.
The techniques employed include conventional and high resolution

transmission electron microscopy and diffraction, non-dispersive x-ray

spectroscopy and electron energy loss spectroscopy.

INTRODUCTION

The unique properties of a_crphous hydrogenated silicon-carbon alloys make

them candidates for a wide variety of applications for •dr•need _ateria!s.

They have been studied for possible use as • w_de band-gap semiconductor for
multilayer solar cells [el, as • visible-light am mitring device [2], and for

very hard, thin-film coatings [3]. The large number of new publications on

this subject promises that other •ppllcatlons for these materials will

surely be discovered in the future (e.g. MRS 1986 Spring Meeting, Palm
Alto).

To understand their properties and to explain the effects of the many

processing variables it is necessary to gain deeper knowledge of the complex
reIationships among microstructure, etomic structure, deposition conditions,

mnd mechanical and electronic properties. As • first step toward this goal,
w_ have evaluated the •pplicability of •ome of the electron optical tools
that are •vaiIable to characterize microstructures and chemical composition

with reference to the influence of deposition conditions on plasma-activated

CVD film" of amorphous hydrogenated silicon-carbon alloys.

EZPER I._._TAL METHODS

The following conditions for plasma-•ctivated CVD of _'-SiC:H films were

employed. The pressure in the reaction chamber was maintained at 300 mtorr

with • total 8as flow rate of ]00 stem. The SiN 4 + CH4 content of the gas
stream totalled 5% and Re was used as • dilutent at 95Z concentration. The
power density of the plasma was maintained at 0.08 Watts/cm ¢. ]'he CVD films,
from 50nm to llOOnm in thickness, were formed on either A1 foil (or A1

evaporated on glass), glass, quartz or evaporated carbon films mounted on
electron microscope grids. The usual substrate temperature was 275 °C

although in some cases the substrates were not heated and remained close to

room temperature.

CVD films of SIC:H on carbon films were examined directly in the electron

microscope. Films deposited on AI foil were stripped from the substrate by
dissolving the A1 in HC1 and capturing small pieces on 200 mesh electron

microscope Cu grids. Mounted specimens were rinsed in a methyl alchohol-
water solution. SiC:H specimens were examined in a JEOL 20mix transmission

electron microscope (TEH) or in •Philips &00 equipped with a Kevex energy
dispersive z-ray spectrometer ((r..DS) system and a Gatan Inc. electron energy

loss spectrometer (rF-T-I-S).

kial I_.s S4( _e _ Va M, ' _944 kM_.w0 _see_ SIL-_
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ELECTRON MICROS:OPY

The micros=ructu_e of a CVD film of Si:H, i.e. contains no carbon, deposited
on A1 foil to a thickness of about 1 micrometer is illustrated in Fi 8. 1.
The col umr.ar structure with hemispherical tops is quite apparent, The darker

lines tha_ appear in the micrograph are roll markings on r_he surface of the

A1 and it may be noted that the columnar structure is Dot influenced b7 this

or other structures on this scale. The films are surprisingly clean except

for occasional aluminum oxide particles that adhere to the film.

Fi 8. 1) TE)Iof • thick (lum) CVD film of Si:H deposited on Al foil.

Fig. 2) T£_ of • thin film (I00 ru_) of 5i0.65C0.35:11 CVD on carbon.
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The apparent te_dancy for CVD films w_th Si/C around 1.5 and deposice_ on

evaporated carbon to separate into 2 "phases", as i11ustrated _ Figure 2,

is under further study. High resc!utjon Ti_M revealed the presence of s_all

particles from 5 to 50 n_ in diauueter. Electron diffraction ana!Tsis of the

lar_er particles showe_ that they were crystalline graphite. Lat:ice Zmages

and optical diffraction of the very small particles suggested that the s_ll

particles are also sraphite althoush the identification was not definitive.

GRAPHITE

Figure 3. T_ of SiC:H fzl= C"v'Don an evaporated carbon substrata.

Fi 8. &) CVD Si0.65Co.35:.q shoving beam-induced SiC crystallization.

The higher beam intensity used in the TEM-STEH mode for EDS and EELS
analyes resulted in the crystallization o_ CVD /il=s with Si/C near 1.
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ENERGY DISPLRSIVE X-RAY SPECTROSCOPY

F.DS was used to confirm that the films stripped clean from the AI •ubstrate.

The occasional particles found on the films were readily identified as AI
oxide. The carbon content is measurable with • thin window detector and such

measurements will be carried out for comparison _rith EELS analysis.

k_-.r.CT'ROt_ Eh'ERGY LOSS SPECTROSCOPY

During transmission through a thin

foil specimen some or all of the

electrons in the beam undergo

inelastic scattering and transfer

enerRy to the sample by exciting
atomic and lattice transitions [4]. -[

These energy losses can be detected .___w-ith • magnetic prism spectrometer
and can be used to identify the u"--

atomic species present in the

sample and their concen_ratlon by

the Iocation and magnitude of K,

L and H edges. Information about

•pecimen thickness and other

parameters can be derived from
observations and measurements of

the low-loss (5-IO0 ev) portion

of the spectrum. The results of
such measurements are illustrated

in this section.

Fig. 5a shows the EE..S for a CVD

sample with a Si/C of about 1.4.

The spectr_ covers the range from
0 to about 500 ev. The scale is

changed by a factor of 40C at 50

ev to reveal the C K edge. The Si
K edge of this sample is shown in

Fig. 5b.

The 0 and low loss region is shown

with an expanded scale in Fig. 5c.
The occurance of 1 strong plasmon
peak indicates that the specimen
is about 160 nm in thickness.

Plasmon peaks are quite sensitive

to electron density and related

factors. Changes due to H content

of the samples were noted and will

be reported separately.

\ Si Kedge --

PLASMON ]

Fig. 5) _ spectra of CVD SiC.

The total amount of inelastic scattering, Iin, (integrated from 0 to max.
loss, usuall 7 taken to I000 ev as contribution beyond this level is very
small) depends on the scatterin B cross (atomac number end density) and the

sample thickness. Apparent scattering cross sections depend on instrument

parameters so that it is preferable to run a sample of known thickness to
check the calibration. Results of measurements of total inelastic scattering

are shown in Fig. 6.

OF POOR quA&rrv
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As illustrated in Fig. 7, FT_ can be used to obtain • qualitative measure
of the composition of thin films. A comparison of Rutherford Back Scattering

measurements and EELS data on companion samples is shown in Fig. 8. The

a&reemen: between the two methods is quite good.
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This preliminary study of CVD films of 5iC:H has demonstrated that

analytical electron microscopy can provide a great deal of information about

their thickness and composition and their stability under the be_ TEM and

electron diffraction indicate that the samples are amorphous but atomic-
level aicroscop_ and image simulation will be necessary to esr.ablish a more
specific structural model for these materials. As for chemical analysis the

EELS technique has the advanta&e that it can be used in the course of
electron microscope and electron diffraction studies of the aicros:ructure

of CVD thin films without recourse to other instruments. The relationships

between microstructure as determined in this study and electronic properties
will be reported separately.
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APPENDIX V

Relation of the Contact Angles of Materials
to their Dielectric Constants

Discussion

The contact angles of materials with water, reflecting their

hydrophobic-hydrophilic character, are commonly considered in terms of

the net change in surface energy when an element of surface is covered

with water or some other liquid of interest. This approach leads

directly to the classical Young equation illustrated in Figure 12,

where the relevant surface energies are for the vapour-liquid,

solid-vapour, and solid-liquid interfaces respectively.

The usefulness of this relation for predicting contact angles,

an_ hence wettability, is limited by much uncertainty regarding the

solid-liquid interfacial energy and in many cases its value can only be

derived fro_ experimental observations of the contact angle of the

particular system in question.

One major source of difficulty when attempting to estimate

contact angles from knowledge available from another system, is the
possible occurance of a chemical reaction between solid and liquid.

The formation of an intermetallic compound or dissolution of the solid

when exposed to a molten liquid can contribute a very large term to the

energy balance. Trace elements in the melt may also react with the

surface to form an oxide layer. These effects and the related reaction

kinetics can severely confound direct interpretation of the apparent

contact angle and especially efforts to predict the wetting behavior in
other circumstances.

Less obvious surface reactions can also occur and affect

wetting behaviour. Perhaps the best known case is the hydroxyllation

of the surface of silica by water. The resulting Si:OH silanol groups

are a distinct surface phase that readily bond with water molecules and

so have a profound effect on wetting and contact angles.

* The apparent correlation of contact angle with the dielectric

constant of the substrate was discovered after completion of the

NASA-funded study at the Center for Advanced Materials, La_rence

Berkeley Laboratory.
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A_pendix V,

An even more subtle surface reaction is Van der Waals-like binding

of polarizable molecules to a polarizable surface (2). The wetting of a

clean gold surface by water, where no chemical reaction should occur, is
an important example of this effect (early observations of hydropnobic

gold were a result of unrecognized contamination from organics, i.e.

grease in the atmosphere).

If one component is already polarized, e.g. fluorocarbon molecules,

repulsive forces will result in a higher energy state, non-wetting and a

high contact angle. These considerations have lead the author to note a

simple but useful correlation between contact angle and the dielectric
constant of the substrate. Since the dielectric constant indicates the

polarizability of a material, a close connection with the extent of its

bonding with water molecules is to be expected. A paper by Stoneham and
Tasker that deals in part with this connection has just come to my

attention (3).

Handbook data on contact angles and dielectric constant for various
materials as well as some results of recent measurements are plotted in

Figures A5-1, A5-2 and A5-3, a surprisingly good correlation over a wide

range of values is evident.

At first sight glass and silica would seem to be significant

departures from the trend. However, when the surface silonals have been

removed by vacuum treatment, the contact angle with water is in keeping
with the bulk dielectric constant of silica (4). Thus, it is the

polarizability or the dielectric constant of the surface that determines

its contact angle. Infra-red techniques can be used to determine the
refractive index of the surface and the corresponding dielectric

constant.

A somewhat similar plot of the contact angle of SiC:H films against

refractive index is shown in Fig. A5-2.

A more detailed discussion of this correlation in terms of the Van

der Walls formulation will be presented in an expanded version of this

working paper (i). Even in this general graphical form, the simple

conceptual approach to the choice of surface coatings to attain good

water repellent characteristics is extremely useful.

(i) A.P. Tomsia and J.A.
Glass/Metal Interfaces:

(1986).

Pask, "Chemical Reactions and Adherence at

An Analysis," Dental Materials, Vol. If, 10

(2) Anthony W. Adamson, "Physical Chemistry of Surfaces," Wiley

Interscience, 1985.

(3) A.M. Stoneham and P.W. Tasker, "Metal-Non-Metal and Other

Inferfaces: The Role of Image Interactions," J. Phys. C: Solid State

Phys. 1.88, L543 (!985).

(4) R.M. Fisher, P. Dalton and R.L. Altman, "Water ADsorption by Space

Shuttle Tiles," presented at the Materials Research Society,

A_aheim, California, April 2!-15, 1987.
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